Background: Stroke as a complication of infective endocarditis portends a poor prog-
Introduction
Infectious endocarditis (IE) is a life-threatening disease with an annual incidence of up to 16 per 100 000 people in the United States. [1] [2] [3] [4] [5] Strokes because of septic emboli are a feared complication of IE, affecting 16-25% of patients, and are associated with increased rates of perioperative and long-term morbidity and mortality. [6] [7] [8] [9] Differentiating haemorrhagic and ischaemic stroke has consequences for clinical management to reduce stroke burden; haemorrhagic conversion may complicate decision-making regarding surgical interventions. [10] [11] [12] Prior studies have been limited by sample size or combined stroke with other neurological complications instead of assessing specific characteristics, such as type, severity or location; as such, the risk factors for stroke subtypes are not well known.
The objective of this study was to identify patientspecific risk factors for ischaemic and haemorrhagic stroke in a large sample of patients with IE who were treated at a tertiary care centre, with an emphasis on identifying subgroups at high risk of stroke during their hospital stay. We hypothesised that these risk factors would vary by stroke subtype, namely ischaemic and haemorrhagic stroke.
Methods
Through patient chart reviews, we performed a retrospective study of risk factors and imaging for patients with IE and stroke diagnoses admitted to Columbia University Medical Center/New York Presbyterian Hospital (CUMC/ NYP). Subjects 18 years and older were identified using previously validated International Classification of Diseases, 9th Revision (ICD-9) codes for IE as the primary discharge diagnosis: 036.42 (meningococcal endocarditis), 093.2x (syphilitic endocarditis), 98.84 (gonococcal endocarditis), 391.1 (acute rheumatic endocarditis), 397.9 (rheumatic diseases of endocardium, valve unspecified), 421.x (acute and subacute bacterial endocarditis) and 422.92 (septic myocarditis). 1, [13] [14] [15] The data collection period ranged from 1 January 1996 to 31 December 2014. A diagnosis of definite, possible and rejected endocarditis was made during review using modified Duke's criteria. This study was approved by, and informed consent waiver obtained from, the institutional review board of Columbia University (protocol number AAAP1003).
Manual data extraction from the CUMC/NYP electronic medical record was carried out by study team members. Demographic data, comorbidities, symptom type and onset, physical findings including National Institutes of Health Stroke Scale (NIHSS), disease-specific data including infectious aetiology, echocardiographic data and operative data were collected.
Stroke definitions
Stroke timing was defined as present at admission, during hospitalisation (i.e. inpatient stroke) or perioperative stroke. Non-surgical stroke was defined as any stroke not occurring in the perioperative period. Strokes were classified as ischaemic, haemorrhagic or mixed (i.e. coexisting non-contiguous ischaemic and haemorrhagic strokes). Index stroke was defined as the initial event and excluded recurrent strokes. In-hospital stroke evolution was defined as the development of new stroke symptoms, with imaging evidence of new infarct(s) or expansion of prior infarct(s), excluding ischaemic lesion oedematous change after admission.
Stroke ascertainment
The study team members noted any mention of symptomatic stroke evaluated by the NIHSS during initial data extraction for secondary review. Two vascular neurologists evaluated each possible stroke and defined strokerelated variables, including type, anatomical distribution and volume (using the ABC/2 formula), haemorrhagic conversion, mycotic aneurysms and radiographic modalities. 16, 17 In cases of mixed strokes, we used the event that led to initial neurological evaluation. Categories for stroke territories were not exclusive, and one stroke may have involved several anatomical areas. Inter-reader reliability measures were obtained in 30 cases. The agreement rate in event type (ischaemic vs haemorrhagic) was 94%, in arterial territory 86%, in location and extent (posterior vs anterior vs bilateral) 90% and in exact anatomical location 71% (the agreement rate was 95% for at least one anatomical area).
Statistical analysis
The main outcome of interest was any non-surgical ischaemic or haemorrhagic stroke to identify risk factors. Perioperative stroke analyses have been previously reported and were excluded from our results. 18 
Results

Sample characteristics
The electronic data search identified a final sample of 1157 patients for analysis. Figure 1 shows the study enrolment of patients with IE, including the presence or absence of stroke. The characteristics of the sample are described in Tables 1 and 2 . The prevalence of non-surgical stroke in our sample was 15.4% (78% ischaemic, 10% parenchymal haemorrhage, 8% subarachnoid haemorrhage and 4% mixed ischaemic and haemorrhagic strokes). The majority of cerebrovascular events (N = 141, 79%) occurred before or at the time of admission; a third of the sample (36%) consisted of referrals from smaller local hospitals.
Ischaemic stroke
Ischaemic strokes were often localised to the middle cerebral artery (MCA), were multifocal (with predominant bilateral frontal lobe involvement) and had a presumed embolic mechanism, as demonstrated by the involvement of cortical and medullary arteries in all but 1.4% of the cases (Table 3) . Half of ischaemic strokes consisted of sub-centimetre lesions, and among lesions with a volume >1000 mm 3 , a fifth had a volume > 30 000 mm 3 . Among ischaemic strokes, 35.4% had haemorrhagic conversion.
Index ischemic stroke
We identified a history of a prior stroke of any kind (odds ratio (OR) Tables 4 and 5 . with ischaemic stroke risk (Table 4) . Prior stroke (OR 2.20, 1.23-3.96) and mitral vegetations (OR 1.90, 1.09-3.31) were also associated with risk of ischaemic stroke for volumes >1000 mm 3 , with the addition of diabetes as another associated factor (OR 1.94, 1.13-3.34). Of note, there were no differences in stroke rates by native versus prosthetic valves. Among patients with documented vegetations, the mean vegetation sizes were 14.6 AE 8.5 mm for mitral valves, 11.2 AE 5.5 mm for aortic valves and 16.3 AE 7.7 mm for right-sided vegetations (P < 0.001 for the trend). There was a significant association between vegetation size >10 mm and ischaemic stroke (OR 2.2, 1.2-4.1); vegetations ≤10 mm showed no significant association.
Inpatient ischaemic stroke
Of the 43 patients with ischaemic stroke during admission, 29 were new, and 14 were recurrent. The risk of inpatient ischaemic stroke during admission was 3% for patients with no stroke on admission, 4% in patients admitted with haemorrhagic stroke and 11% among patients admitted with ischaemic stroke. The main variables associated with inpatient ischaemic stroke were coagulase-positive Staphylococcus infection (OR 3.54, 1.74-7.18) and valvular abscess (OR 3.09, 1.39-6.87) ( Table 4) . When looking at the sample with available vegetation size, we found associations between inpatient stroke and Staphylococcus infection (OR 4.3, 1.5-15.6) as well as inpatient stroke and valvular abscess (OR 5.7, 1.7-19.4). The single largest absolute risk of inpatient ischaemic stroke was 8% among those with vegetation size >10 mm.
Haemorrhagic stroke
Compared to ischaemic strokes, parenchymal haemorrhages were larger in volume and more commonly localised to the MCA (Table 3) . Parenchymal haemorrhages were localised to the territory of penetrating arteries in 10.5% of cases, compared with 1.4% for ischaemic strokes. Subarachnoid haemorrhages were more commonly localised to the frontal lobe, the MCA and cortical territories and were isolated to a single anatomical location in 71% of cases. The prevalence of mycotic 
Inpatient haemorrhagic stroke
The risk of inpatient haemorrhagic stroke for all patients was 1.7%. The risk was the lowest among patients with IE admitted without stroke (0.3%), followed by those admitted with ischaemic stroke (5.2%) and finally those 
Discussion
This retrospective study describes the prevalence and timing of stroke in patients with IE at a large tertiary care centre in order to identify possible risk factors for nonsurgical cerebrovascular events. We report a set of variables that may be helpful in identifying patients with IE at high risk of inpatient ischaemic and haemorrhagic stroke.
Our overall incidence of non-surgical stroke was 15.4%, similar to prior rates ranging 18-22%. 19, 20 Prior studies identified ischaemic stroke as the most common subtype in IE, at around 60-65% of total strokes; our result was higher possibly because of distinguishing haemorrhagic conversion. 20, 21 The MCA territory was most commonly affected and was multifocal with presumed embolic mechanism, replicating prior reports of over 90% of cerebral embolic events in IE occurring in the MCA territory. 22 This finding may be a simple reflection of the embolic material tracking flow rather than a susceptibility of the MCA to IE-related emboli. 23 The same explanation appears fit for the predominant involvement of the frontal lobe (the largest of all lobes) compared to other anatomical regions.
Major risk factors for ischaemic stroke in our study included prior stroke of any kind, Staphylococcus infection of any kind and mitral valve vegetations and abscesses. We did not find previous studies reporting prior stroke as a risk for IE-related stroke and hypothesise that patients with established vascular disease may be more susceptible to brain injury, as shown in related studies. 24, 25 Previous studies demonstrated an increased risk of stroke with certain species, including Staphylococcus, Haemophilus, Aggregatibacter, Cardiobacterium hominis, Eikenella corrodens, Kingella (HACEK) organisms and fungi. 26, 27 Here, we report a differential risk for stroke subtype: Staphylococcus species in ischaemic strokes versus fungi for haemorrhages. Both Staphylococcus and fungal species have previously been found to be associated with increased embolic risk in patients with IE. 11, 28 This differential association may be related to the pathophysiology of stroke subtype, with ischaemic stroke being the result of emboli and haemorrhage being the result of arterial rupture, possibly related to angioinvasive species. The reason for this higher embolic risk in cases of Staphylococcus endocarditis is not well understood but could perhaps be a function of vegetation size or level of tissue destruction at the valve compared to other pathogens. These hypotheses require future research to further elucidate these findings.
We found that mitral but not aortic valve vegetations were associated with ischaemic stroke. This finding was unexpected, and while previous studies have shown increased general embolic risk for mitral valve vegetations, we could not find a segregated analysis of stroke risk by vegetation location other than a smaller study reporting the association of mitral valve infections with a higher risk of cerebrovascular complications. 11, 29, 30 In a post hoc analysis, we found an increased association between ischaemic stroke and vegetation size, a finding that has been well reported in the literature. 11, 31 We were unsure how these findings might relate to each other. One hypothesis is that lower systolic shear stress around the mitral valve may allow larger vegetations to form on that valve compared to the aortic valve. 32, 33 Alternatively, left atrium stasis from mitral valve dysfunction may predispose to vegetation formation, similar to clot formation in atrial fibrillation.
34
Our study found distinct risk factors for subarachnoid haemorrhages, possibly related to differences in pathophysiology. Multiple studies in non-IE populations have shown an association between subarachnoid haemorrhage and atrial fibrillation. 35, 36 Consequently, subarachnoid haemorrhage could be related to possible emboligenic mechanisms, leading to a clot-like disruption in blood flow. In the case of intraparenchymal haemorrhage, septic emboli could lead to local inflammation, thereby increasing the risk of mycotic aneurysm formation and primary arterial rupture. This is reflected by the fact that none of the patients with subarachnoid haemorrhage had mycotic aneurysms, while the rate of mycotic aneurysm was the highest in patients with intraparenchymal haemorrhage. If true, it would suggest that preventing IE-related emboli might decrease the rate of ischaemic stroke and subarachnoid haemorrhage.
Nearly 80% of all stroke events in our study were present at admission. Several studies have shown that the majority (60-74%) of strokes preceded diagnosis of IE. 11, [37] [38] [39] For the remaining IE patients without stroke at presentation, this study may offer guidance to clinicians who are treating patients at risk of developing strokes during hospital admission. In addition, 35.4% of the ischaemic strokes in our study underwent haemorrhagic conversion.
Combined with parenchymal and subarachnoid haemorrhages, almost half of all strokes featured some intracranial bleeding. This finding is important given the need for some patients to undergo urgent valve replacement or repair. The impact of these brain haemorrhages in surgical and non-surgical outcomes is a target for future analyses. This study suffers from several limitations. Our institution serves as a referral centre and may be influenced by referral bias. Secondly, neuroimaging was not performed systematically, which may underestimate cerebrovascular complications related to IE. Our findings are closely aligned with prior studies assessing the frequency of various cerebrovascular events such that these effects may be limited. In addition, our data did not provide information about pre-admission medication regimens (e.g. anti-thrombotics), which could be a confounding factor for certain stroke subtypes. Finally, not all modified Duke's criteria could be used to classify cases of IE because of limited chart information for some patients; however, we included cases that were likely to be endocarditis based on clinical suspicion even if formal criteria were not met.
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Conclusions
This retrospective study reaffirms prior findings of stroke incidence in patients with IE and identifies several distinct risk factors for ischaemic and haemorrhagic stroke in this population. These factors may be useful to clinicians evaluating the risk of stroke in patients with newly diagnosed IE and may offer important information for differentiating stroke subtypes to improve clinical management.
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